INTRODUCTION
Asphaltenes are operationally defined as the fraction of crude oil which is soluble in toluene but insoluble in n-heptane. [1, 2] Among the various crude oil constituents, asphaltenes have the highest molecular weight and are also the most polar. [3] It is now recognized that asphaltenes have a broad molecular weight distribution with an average molecular weight of around 750 g/mol with a factor of 2 in width of the molecular weight distribution. [4, 5] The properties of asphaltenes obtained from crude is dependent upon the type of extraction method used. [6] Fractionation is one of the ways to improve the characterization and understanding the properties of asphaltenes. Several methods exist, for instance some researchers [7] [8] [9] [10] [11] [12] [13] [14] initially precipitated asphaltenes by diluting with an n-alkane and then used a binary mixture of solvents (polar solvent + anti-solvent) to fractionate the precipitated asphaltenes. Other fractionation procedures less commonly used include fractionation by varying the crude oil/n-alkane ratios [15] [16] [17] [18] , ultracentrifugation [19, 20] , ultrafiltration [14] , supercritical extraction [21] and gel permeation chromatography [22, 23] . Yarranton and Masliyah [7] fractionated the asphaltenes from Athabasca bitumens by varying the toluene/nhexane ratio. They obtained fractions of different molar mass and found that the sub-fraction with higher molar mass had lower solubility. Nalwaya et al. [8] and Kaminski et al. [9] used methylene chloride/n-pentane mixture to fractionate asphaltenes from Mobil crude oil (US) and Chaguaramal crude oil (Venezuela). They observed that the asphaltene sub-fraction with higher polarity showed lower rate of dissolution. The sub-fractions had different texture and crystalline/amorphous nature, but FTIR analysis and molecular weight information could not provide information on their structural differences. Similarly, Groenzin et al. [10] used a mixture of toluene/n-pentane to fractionate asphaltenes and observed that the sub-fractions contained the same molecular species (ie., alkyl chain and aromatic rings) but have different distribution. Buenrostro-Gonzalez et al. [11] fractionated asphaltenes using toluene/n-heptane and toluene/acetone mixtures and found that the sub-fractions obtained using acetone as precipitant exhibited larger structural differences than compared to sub-fractions obtained with n-heptane. Similarly, Kharrat [12, 13] used THF/n-hexane mixtures to fractionate asphaltenes from Athabasca oil and Morgan Oil and observed that the sub-fraction which precipitates first had more condensed aromatic rings but with less alkyl substitution. Fossen et al. [15, 16] diluted a North Sea crude with different ratios of n-pentane to obtain asphaltene sub-fractions and found that the interfacial activity was higher for sub-fraction which was less aromatic and contained more alcoholic and carboxylic acid groups in the alkyl chain.
Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) is another technique used to fractionate asphaltenes based on their molecular size. The larger molecules percolate through the porous gel bed and hence elute first, while the smaller molecules spend more time inside the gel and hence elute later. The choice of eluent plays an important role in SEC due to interaction of asphaltenes with the stationary phase (or the column). Earlier works [24, 25] were based on tetrahydrofuran (THF) as mobile phase, but partial loss of asphaltene samples as well as material precipitation from solution in THF based SECs have been reported. [26] Another solvent employed as eluent is N-methyl-2-pyrrolidinone (NMP). [27] [28] [29] [30] However, while NMP is a good solvent for coal derivatives, the solvency of NMP has been found to be limited for petroleum asphaltenes. NMP insoluble asphaltene fractions have been found to be have larger size than soluble fractions. [31] Similarly, Ascenius et al. [30] observed that the NMP insoluble petroleum asphaltenes do not exhibit fluorescence. The problem of insolubility has however been overcome with use of NMPchloroform mixture as an eluent. However, use of SEC for fractionating asphaltenes is a challenge due to the need for elaboration of calibration standards, interpretation of the molecular mass and uncertainty in upper limit of molecular weight determination by SEC. [31] The polarity of asphaltenes molecules causes them to adsorb onto surfaces. [32] The adsorption of asphaltenes onto surfaces (mineral and metallic) is an undesired phenomena in the petroleum industry as it can lead to formation damage [32] , wettability alteration [33] , plugging of wells and flow-lines [34, 35] . Several techniques have been used to study the adsorption of asphaltenes onto solid surfaces including quartz crystal microbalance (QCM) [36] [37] [38] and UV-vis spectroscopy [39, 40] . The ability of asphaltenes to adsorb as monolayer [41] as well as multiple layers [41] [42] [43] [44] [45] has been reported in literature. The nature of adsorption isotherm is dependent on the concentration of the asphaltene solution [45] as well as the choice of solvent used to redissolve asphaltenes [41] . Saturation asphaltene adsorption amounts in range of 0.26 -3.78 mg/m 2 have been observed on mineral surfaces and this is strongly dependent on the studied surface. [40] Asphaltenes from Athabasca and Cold Lake have shown almost twice as high adsorption onto stainless steel than on iron. [39] Asphaltene adsorption of upto 5 mg/m 2 has been observed on iron oxide surface. [46] However, multilayer adsorption of asphaltenes onto mineral surfaces (Bedford limestone, Berea sandstone and dolomite) with adsorbed values in the range 100 -200 mg/m 2 at very high asphaltene concentrations in toluene has also been reported. [47] The multilayer step wise asphaltene adsorption has been attributed to the asphaltene association and formation of aggregates. [43] To the best of our knowledge, only limited studies [48, 49] on the fractionation of asphaltenes based on functionality or polarity has been undertaken since the retention of the asphaltenes onto the solid adsorbent is considered to be a drawback. [50] In the present study, a new fractionation procedure has been developed based on adsorption of asphaltenes onto CaCO3.
The aim of the new procedure is to separate asphaltenes into sub-fractions of reduced polydispersity based on variation in functional groups and to study the influence of polydispersity in functional groups on adsorption characteristics. An attempt has been made to recover most of the asphaltenes retained onto the adsorbent and to obtain a material balance for the entire fractionation procedure. The asphaltene sub-fractions are characterized using elemental analysis and Fourier Transform Infrared Spectroscopy (FTIR) followed by determination of adsorption tendencies of these asphaltene sub-fractions onto stainless steel surface using Quartz Crystal Microbalance with Dissipation (QCM-D) monitoring.
EXPERIMENTAL SECTION

Chemicals
A chemical-free crude oil from the Norwegian Continental shelf was used for extraction of asphaltenes. The characteristics of the crude oil are given in table 1. Asphaltene extraction from crude was done using n-hexane (VWR, >97% The properties of the CaCO3 used in the study are given in table 2. The particle size was provided by the supplier. The BET surface area of the CaCO3 particles was determined by N2 adsorption method [40] while the structure of particle was determined by x-ray diffraction (XRD) [52] .
Particle size (μm) 0.07
Form Calcite
BET surface area (m 2 /g) 18.1 ± 0.3 
UV spectroscopy
The concentration of asphaltenes in toluene was determined using UV spectroscopy by building up a calibration curve with the whole asphaltenes at wavelength 336nm. Thereafter the solutions of asphaltene sub-fraction (bulk, adsorbed, irreversibly-adsorbed) in toluene were diluted before measurement so that they are within the calibration range.
Elemental Analysis
The elemental composition (C, H, N, O, S) and metal content (Fe, Ni, V, Ca, Na, K) of the crude oil and the asphaltene fractions was determined by Laboratory SGS Multilab (Evry, France) by thermal conductivity measurements for C, H and N, infrared measurements for O and S, and ICP-AE measurements after mineralization in bomb Milestone by microwave for metal content.
Fourier Transform Infrared Spectroscopy (FTIR)
The Tensor 27 spectrometer (Bruker Optics) equipped with a Bruker Golden Gate diamond Attenuated Total Reflection (ATR) cell was used to record the FTIR spectra of the samples in the spectral range 4000 to 600 cm -1 , with 4 cm -1 resolution. The asphaltene samples were dissolved in CH2Cl2 and small amounts of sample was placed on the cell. The measurements were done after the solvent had completely evaporated.
Quartz Crystal Microbalance with Dissipation (QCM-D) Measurements
The adsorption of asphaltenes onto quartz crystal coated with stainless steel was measured using QCM-D. The apparatus used was single sensor microbalance system Q-sense E1 from
Biolin Scientific (Sweden). The XPS composition of the stainless steel coating on quartz crystal is given in Table 3 : Composition of stainless steel coating by XPS (provided by the manufacturer).
The crystals were cleaned prior to use as per the following protocol: the crystal was immersed in 1% hellmanex solution in water for at least 1 hour followed by washing with purified water, sonication in ethanol for 10 min, drying with N2 and finally treatment in UV chamber for 15 min.
QCM adsorption experiments were performed with the following procedure: xylene is initially passed through the chamber containing crystal at 20°C to obtain a baseline. The baseline was considered to be stable if the frequency change was less than ±1 Hz for 10 min.
Solutions of asphaltene in xylene were then injected into the chamber in a stepwise manner using a pump (flow rate = 750 µL/min). Sample injection time was 10 min followed by a waiting time of 5 min before the next sample injection was performed. Desorption study was done by injecting xylene after passing the most concentrated asphaltene solution. The QCM experiments were repeated at least twice for each measurement. only when the mass adsorbed is evenly distributed on the surface, ∆ is smaller than the mass of the crystal and the adsorbed mass is rigidly attached to the surface. [53] The change in dissipation due adsorption is given by the relationship[54]
Where D is the dissipation factor, is the energy dissipated during one period of oscillation and is the energy stored in the oscillating system. In the case of formation of viscoelastic films on the surface, the Sauerbrey's relationship (equation 1) is no longer valid.
RESULTS AND DISCUSSION
Fractional yields
The objective of this study is to develop a fractionation procedure based on adsorption of asphaltenes onto calcium carbonate. At first, the amount of asphaltenes adsorbed onto CaCO3
at different asphaltene solution concentration was determined. Figure 2 shows the variation of adsorbed asphaltene amount as a function of supernatant concentration. Assuming that there is a monolayer asphaltene adsorption onto CaCO3 and there is no solutesolute or solute-solvent interactions, the shape of adsorption curve was fitted (based on linearization) to the Langmuir equation:
Where, Γ is the maximum adsorbed amount and K is the equilibrium constant. The
Langmuir fit gave us Γ = 1.56 mg/m 2 and K = 1.19 L/g. The values obtained were found to be in good agreement with other studies. [40] However, the intrinsic meaning of the Langmuir isotherm parameters needs to be questioned since some asphaltenes were found to be irreversibly adsorbed on calcium carbonate.
The yield of different asphaltene sub-fractions is quantified both by UV-spectroscopy and gravimetry as shown in The first fractionation step consisted of adsorbing 50 wt% of the initial material on CaCO3. It was observed that a significant amount of asphaltenes (around 20 wt%) remained on the CaCO3 even after desorption of asphaltenes from CaCO3 using THF at 45°C. This asphaltene sub-fraction had therefore strong affinity to CaCO3 and treatments involving different temperatures and solvents (chloroform) could not make it desorb from CaCO3. Hence an acid treatment (HCl addition) approach was utilized to remove the CaCO3 which is strongly adsorbed onto the asphaltenes by dissolution (equation 4).
The entire separation procedure is quantitative with a recovery of 98-99% (by weight) of the initial asphaltene material. The separation procedure is robust and has good reproducibility with the sub-fraction yields variation in the range ± 1 wt%. Fractionation experiments were also performed using acetic acid instead of HCl in the acid treatment step and the yields were similar.
Characterization by Elemental Analysis
The elemental analysis of the crude and different asphaltene fractions are listed in table 5.
The whole asphaltene precipitated from crude oil has a much higher concentration of The mass balance of elements was calculated from the following equation: In order to study the possibility of oxidation of asphaltenes during the fractionation procedure, a control experiment was performed. The control experiment consisted of subjecting whole asphaltenes (in absence of CaCO3) to the same sequence of unit operations (stirring, centrifugation, concentration and drying) followed during fractionation procedure to obtain the irreversibly-adsorbed asphaltenes. The elemental analysis and metal content of whole asphaltenes after control experiment (known as control asphaltenes) has been presented in tables S1 and S2 in the supplementary material. An increase in oxygen content (around 21 wt%) was observed in asphaltenes during the fractionation process. Thus the remaining 37 wt% increase in oxygen content (in 
Characterization by FTIR spectrometry
The FTIR spectra obtained from the instrument was baseline corrected by subtracting the absorbance values in the spectra by the absorbance value at 600 cm -1 . The baseline corrected is shown in figure 4 . It must be noted that only baseline correction was done for pure CaCO3 spectra while normalization of spectra wasn't done. It can be clearly seen (figure 4) that a small amount of CaCO3 in asphaltene sample does not influence the band at 1700 cm -1 .
Similarly, the FTIR spectra of control asphaltenes (figure S1 in supplementary material) indicated a slight increase in absorbance at 1700 cm -1 . A slightly higher absorbance was observed in the intensity of peak for control asphaltenes than the whole asphaltenes.
Moreover, the intensity of peak in control asphaltenes lies between the values of bulk and adsorbed asphaltenes. Even though this partially explains the reason for asphaltene fractions (bulk, adsorbed and irreversibly-adsorbed) having higher absorption intensity, it does not however explain the significantly higher absorbance seen for irreversibly-adsorbed asphaltenes. This supports our earlier observation of higher presence of carbonyl, carboxylic acid or derivative groups in the irreversibly-adsorbed asphaltene fraction. The acidity of the asphaltene fractions could not be measured by total acid number (TAN) since high amounts of asphaltenes were needed and there was a problem of asphaltene precipitation in the TAN solvent mixture (toluene + isopropanol). However, carbonate group also shows a broad and intense absorption band in the spectral range 1490 cm -1 -1410 cm -1 and a weak absorption band at 880 cm -1 -860 cm -1 range. [55] This can also be clearly observed in figure 4 where the presence of CaCO3 in whole asphaltene leads to a higher absorption at the spectral ranges mentioned. Thus the higher peak intensity observed at 1460 cm -1 for bulk fraction could be attributed to CaCO3
contamination. The band around 1030 cm -1 is generally due to presence of sulfoxide group. [56] Presence of sulfoxide groups in asphaltenes could be due to oxidation. [57] All the asphaltene fractions showed absorbance at this wavenumber with adsorbed fraction showing the highest intensity. Absorption bands observed between 900 cm -1 and 700 cm -1 are due to different aromatic C-H bending deformations. [58] The band around 880 cm -1 indicates the presence of highly substituted aromatic structure [59] and this was found to be highest for bulk fraction and lowest for fraction irreversibly-adsorbed HCl . Again, the higher absorbance intensity for bulk fraction at this wavenumber could be due to the CaCO3 contamination. Plateau value after xylene wash (mg/m 2 ) 2.9 2.8 2.8 Table 7 : Amount of whole asphaltenes adsorbed at different overtones numbers (n = 3, 5, 7). Initially, changes in frequency are observed when solutions of higher concentrations are injected. This is due to increased asphaltene adsorption with higher solution concentrations.
Then, the frequency change becomes negligible for injections of asphaltene solutions higher than 0.05 g/L concentration thereby indicating that the surface is saturated with asphaltenes.
The dissipation changes observed are very small (lower than 10 -6 ) thereby indicating the formation of a rigid layer. Iruthayaraj et al. [63] observed that the use of Sauerbrey relation to calculate adsorbed mass in non-rigid layers leads to under-prediction by a factor of 1.15 -1.45 than compared to predictions by Voigt model [64] . with the stainless steel surface. Another explanation can be put forward. As the adsorption of all the sub-fractions (bulk, adsorbed and irreversibly-adsorbed) are higher than the adsorption of whole asphaltenes, it can be deduced that it is unlikely that the concentration of some functional group obtained by fractionation would be the only factor to explain the order of adsorption (irreversibly-adsorbed > adsorbed > bulk > whole). It is likely that fractionation also modifies interactions between components in the asphaltene fractions thereby leading to stabilization of asphaltenes in the unfractionated asphaltene sample and hence would limit the adsorption onto stainless steel. Hence there is a need for further investigation of self-association properties of sub-fractions and to determine the raw formula using advanced techniques like FT-ICR-MS. Also, the choice of acid used (strong acid HCl or a weak acid acetic acid) for separation showed only a negligible effect on the structure and properties of the irreversibly-adsorbed asphaltene fraction.
CONCLUSIONS
A new procedure was developed to fractionate North Sea asphaltenes based on adsorption onto calcium carbonate and the properties of the sub-fractions were studied using elemental analysis, FTIR and QCM measurements. FTIR analysis indicated that the fractionation resulted in separating asphaltenes into fractions with differences in presence of carbonyl, carboxylic acid or derivative groups. The ability of the different fractions to adsorb onto stainless steel was measured using QCM. The whole asphaltenes exhibited the least adsorption within the concentration range tested (0.01 -1.5 g/L). The fact that the unfractionated (or whole) asphaltenes showed the least adsorption capability suggested that the asphaltene subfractions tend to interact among themselves thereby reducing the adsorption. Desorption of asphaltenes using xylene was found to be ineffective with only 15-25% (by weight) asphaltenes removed, thereby indicating a strong interaction between asphaltenes and stainless steel surface. More investigation i.e., self-association properties and mass resolution by techniques like FT-ICR-MS needs to be done to obtain in-depth understanding about the mechanism governing the asphaltene adsorption onto metal surfaces.
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